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Bystander effects are indirect consequences of radiation and many other stress factors. They occur in cells that are not directly exposed to these factors, but receive signals from affected cells either by gap junctions or by molecules released in the medium. Characterizing these effects and deciphering the underlying mechanisms involved in radiation-induced bystander effects are relevant for cancer radiotherapy and radioprotection. At doses of X-ray radiation 0.5 and 1 Gy, we detected bystander effects as increased numbers of micronuclei shortly after the treatment, through medium transfer and by co-cultures. Interestingly, bystander cells did not exhibit long-term adverse changes in viability. Evaluation of several compartmental stress markers (CHOP, BiP, mtHsp60, cytHsp70) by qRT-PCR did not reveal expression changes at transcriptional level. We investigated the involvement of ROS and NO in this process by addition of specific scavengers of these molecules, DMSO or c-PTIO in the transferred medium. This approach proved that ROS but not NO is involved in the induction of lesions in the acceptor cells. These results indicate that L929 cells are susceptible to stress effects of radiation-induced bystander signaling. 





Ionizing radiation (IR) comprises a useful tool in medicine for diagnosis and therapy purposes. However, exposure to IR has recognized adverse effects. IR can affect a multitude of cellular processes by causing oxidative stress, apoptosis, DNA lesions, increased mutation frequency and genomic instability (Sprung et al. 2015; Leomax et al. 2013; Sudprasert et al. 2006). While at high doses of radiation the frequency of the damages increase linearly with the dose, at low doses the damage is not proportional with the dose (Ilinytsy and Kovalchuk 2011). It was shown that these types of lesions are not found only in cells hit by radiation, but also in cells close to or distant from the targeted cells, giving rise to a bystander effect. Bystander cells receive and transduce signals from the directly irradiated cells generating a coordinated response. This phenomenon, was first described by Nagasawa and Little (1992) and rapidly gained much attention in radiobiology (Goldberg and Lehnert 2002; Lara et al. 2015; Bertucci et al. 2009; Balduzzi et al. 2010). 
The role of bystander signaling is still not well understood. On the one hand, it is considered detrimental due to the cellular lesions induced. On the other hand, long term studies demonstrated better survival and increased resistance to subsequent exposure to stress factor for bystander cells supporting a protective role of the bystander signaling (Pereira et al. 2014).
Bystander effects are considered a generalized response to cell stress, being observed for a range of stress factors besides ionizing radiation, such as non-ionizing radiation (Widel et al. 2014; Widel 2012), heat (Dabrowsa et al. 2005), chemical agents (chemotherapeutic substances – bleomycin (Savu et al. 2015; Chinnadurai et al. 2011), mitomycin (Kumari et al. 2009)), nanoparticles (Thubagere and Reinhard 2010) and even for gene therapy (Carystinos et al. 1999). Despite this consideration, the vast majority of studies concerning this phenomenon involve the use of ionizing radiation. The studies of bystander effects employ typically low or medium doses of radiation. This has an important role in the effects induced, since at high doses most of the cells are severely damaged by the direct exposure. Low doses are conventionally defined as doses under 0.1 Gy (UNSCEAR, 2006; BEIR VII, 2006). However, some publications employing irradiation in the range 0.5 to 1 Gy put their data forward as low dose studies (Nenoi et al., 2006; Chen et al., 2014), given that these are lower than the standard fraction dose of 2 Gy used in radiotherapy (Royal College of Radiologists, 2006). Medium doses extent up to a few Gy (Kadhim et al. 2014). 
According to these considerations, the doses that we have used throughout this work, i.e. 0.5 and 1 Gy will be considered as low doses. Studies of bystander effects present high variability in the experimental approaches and models, biological end-points, which is consequently reflected in the inconsistency of the results reported. Moreover, the processes involved in the bystander processes are complex, contributing to the high level of variability between published data. However, some mechanistic aspects have been demonstrated consistently in majority of the studies. These include the contribution of reactive oxygen species (ROS) and nitric oxide (NO) to generation of bystander effects (Glebova et al. 2015; Shao et al. 2002; Shao et al. 2003).
The initiation of bystander effects has been seen as an “ubiquitous consequence of radiation exposure” (Mothersill and Seymour 2004). This process involves signaling mechanisms, which are able to trigger activation of stress response pathways that typically appear in response to cellular damage. It is well established that cells respond to stress factors by changes in gene expression, in order to signal the damage and to be able to repair the lesions or to induce apoptosis. Integrated Stress Response (ISR) is a general stress program that modulates protein synthesis by integrating different stress factors. Unfolded Protein Response (UPR) is active when proteins located in the endoplasmic reticulum (ER) or mitochondria (mt) are misfolded. ER stress can activate three sensors molecules (IRE1, ATF6 and PERK) that leads to activation of transcriptional response specific to ER stress: increased BiP synthesis, phosphorylation of eIF2a leading to a slower translation and up regulation of genes that depend of ATF4 (Wang et al. 2014). Activation of UPR-ER is correlated with induction of CHOP (Oslowski et al. 2012) synthesis, and lead to activation of ISR.  






The experiments were carried out with a normal mouse fibroblast cell line, L929 (NCTC clone 929, ATCC) used until passage 30. These cells are considered as radioresistent (Abend et al., 1996). L929 are frequently used in biocompatibility/cytotoxicity tests, being recommended by ISO 10993 standard (ISO10993-5, 2009). They were grown in MEM media supplemented with 10% FBS, 2mM L-glutamine, 50U/mL penicillin and 50 µg/mL streptomycin sulfates, all from Biochrome, Germany, in a humidified incubator at 37ºC, 5% CO2.

Medium transfer protocol and co-cultures

For medium transfer experiments, the cells were plated 24 hours prior the irradiation, in 6 well plates, 96 well plates, or on 24 mm glass coverslips, according to the specific assay employed. For the donor sample, the cells were seeded at a density of 100 000 cells/well in 6 well plates, 50 000 cells/ coverslip and 5000 cells/well in 96 well plates. Receiver cells were seeded at 80 000 cells/well in 6 well plates, 40 000 cells/cover slip and 4000 cells/well in 96 well plates, so that reached subconfluence at the moment of the analysis. 
The donor cells, plated in 6 well plates, were exposed to X-ray using a medical linear accelerator (Mevatron Primus 2D, 6MV, Siemens, Germany), at 0.5 and 1 Gy, using a rate of 1.85 Gy/min. The experiments included sham-irradiated control cells. The samples were irradiated at 100 cm distance from the source axis, the field size being 30 x 30 cm. The dosimetry was performed using a water phantom (1 cm water depth). Symmetry and homogeneity were checked. The dose proved to be homogenous in the used plates for experiments.
For the medium transfer experiments, cells were incubated for 3 hours following irradiation in order to obtain conditioned medium that was collected, filtered through a 0.22 µm filter and transferred to receiver cells. For co-cultures one donor coverslip, containing irradiated or sham-irradiated cells, was transferred to a petri dish containing another coverslip with unexposed cells (acceptor), similar to the method used by Harada et al. (2008). The acceptor cells were maintained in the presence of conditioned medium or donor cells for 24 hours prior to end-points analysis.   

DMSO and c-PTIO treatment

























Micronuclei analysis in directly exposed and bystander cells

We used micronucleus frequency as an end-point marker of genotoxicity throughout our analysis of direct and bystander effect induction by X-rays in L929 fibroblasts. This end-point was used in the donor cells, in order to analyze the DNA damage induction by direct exposure to X-rays and in the acceptor cells, for proving the bystander induction of genotoxic damage. We also employed micronucleus scoring for analysis the impact of DMSO and PTIO on the initiation of the bystander effect. These substances, known scavengers of ROS and NO respectively, were added to the conditioned medium to evaluate the involvement of oxidative species in bystander signaling. 

As seen in figure 1 and in figure 2, the direct exposure to X-rays induced dose dependent genotoxic effects for the range of doses employed, 0.5 and 1Gy (91.88 and 153.11 MN yield /1000 binucleated cells for 0.5 Gy and, respectively 1 Gy in case of medium transfer experiments; 98 and 157 MN yield /1000 binucleated cells for 0.5 Gy and, respectively 1 Gy in case of co-culture experiments). The micronucleus analysis proved similar effects in the bystander cells when the phenomena was induced by conditioned medium obtained by 3 hour incubation of the donor cells (figure 1) or by co-culture of donor and acceptor cells (figure 2). In both cases, the bystander cells, maintained 24 hours either in the conditioned medium or in co-culture with the donor cells, showed a slight but statistically significant increase of micronucleus frequency (56.9 and 63.55 MN yield/1000 binucleated cells at 0.5 Gy and, respectively, 1 Gy in case of medium transfer; 45 and 59.6 MN yield/1000 binucleated cells at 0.5 Gy and, respectively, 1 Gy in case of co-culture). Unlike the direct induced effect, where the damages increased proportionaly with the applied dose, in bystander cells the amount of lesions were not enhanced by a higher exposure of the donor cells. Thus, the observed effect shows a saturation type dependency which is a known characteristic of bystander response.
As the obtained bystander effects were similar for medium transfer method and co-cultures, we focused our study on the medium transfer method for a more detailed analysis.

We evaluated the involvement of ROS and NO in bystander signaling by analyzing whether the addition of 0.1% DMSO or 20 µM c-PTIO, concentrations known to be used with a scavenger effect on these reactive molecules, to the conditioned medium, can stop damage induction. As can be seen in Figure 3, addition of DMSO, but not of c-PTIO, decreased micronucleus frequency, blocking the induction of the bystander effect. Even more, c-PTIO induced a slight increase of micronuclei in some of the samples. Therefore, using conditioned medium obtained by 3 hours incubation post irradiation, bystander signaling involves ROS but not NO. 

Cell viability and survival capacity

In this study we analyzed short-term cell viability using the MTS assay, and long-term cell survival capacity by the clonogenic assay. MTS assay was performed either 24 hours post irradiation or following 24 hours of incubation with the conditioned medium. For the clonogenic assay the cells were detached, plated in adequate conditions and maintained in culture for an additional 8 days.
For the direct treatment (figure 4) the viability decrease correlated with the radiation dose, becoming significant at 1 Gy (77.89 %, p<0.05). Clonogenic survival (figure 5) showed similar results, but in this case the difference was not statistically significant at the used doses (79.15 % clonogenic survival fraction for 1 Gy, p>0.05).
As can be seen in figure 4 and figure 5, in bystander cells neither cell viability or clonogenic cell survival could not show differences in these cell growth under the experimental conditions used.

Expression of cell stress markers





Bystander effects in cells were first observed in radiobiology. As many medical applications require the use of radiation either for diagnostics or treatment, the study of these effects rapidly became an important topic in the field. Recent studies emphasized a new point of view on this phenomenon: generation of bystander effects is now regarded as a general response to stress rather than a specific pathway for radio-toxicity (Chinnadurai et al. 2011; Kumari et al. 2009; Thubagere and Reinhard 2010; Carystinos et al. 1999). 
Our study aimed to analyze the mechanisms involved in generation of bystander effects with focus on molecules such as ROS, NO, and activation of compartmental stress response pathways. We also correlated these data with short term and long term cell survival measurements in order to provide a better understanding of the physiological role of the phenomena.
Bystander effects are important mainly at low and medium doses, for which the direct exposure does not cause strong damaging effects. It was shown that 0.5 Gy does not reduce cell viability. On the contrary, in some cases this dose even induced increased proliferation as detailed (Kim et al. 2007; Chen et al. 2014). On these considerations we have chosen to use doses of 0.5 and 1 Gy, with the expectation that these doses would not negatively affect the cell growth. 
Exposure to X-ray at these doses induced micronuclei in the exposed cells the frequency of which increased with the dose. This result in in accordance to other studies that have shown an increased micronucleus frequencyupon direct irradiation with X-rays (Yang et al. 2013; Slonina et al. 2003). Cell viability and survival were affected only for directly exposed cells at the higher dose of 1 Gy (p<0.05 for viability and p>0.05 for clonogenic survival). This is consistent with other studies reporting that at low doses of radiation the viability may not be affected, or even more, may slightly increase, as shown for normal human fibroblasts (Kim et al. 2007) or stimulation of bone growth (Yang et al. 2013). 
Irradiation at low doses triggers a plethora of complex biological phenomena that contribute to a non-linear response. A process that occurs in these conditions and may contribute to induction of lesions is hyper-radiosensitivity (HRS), reflected in increased sensitivity to low dose of radiation (less than 0.3 Gy), followed by an opposite effect of increased radioresistance (IRR) at increasing doses (ranging from 0.3 to 0.6 Gy). These phenomena depend on the cell line, the radiation characteristics and on the applied doses (Martin et al., 2014; Cherubini et al., 2015). Our results do not permit speculating on their existence. Studies of cell survival by conventional clonogenic assay under exposure to dose bellow 1 Gy are known to lack the accuracy needed to highlight  HRS and IRR phenomena (Zhu et al. 2011).

We obtained bystander effects in L929 cells, which manifested as increased micronucleus frequency for both 0.5 Gy and 1 Gy, through transfer of conditioned medium and also by co-cultures of donor and acceptor cells, upon exposure of the donor cells to X-rays. Previous studies of bystander effects on fibroblast cultures also showed increased micronuclei in a constant manner for doses of the same range (Yang et al. 2013; Azenberg et al. 2008). In the first approach, the use of conditioned medium, the bystander signaling is induced by molecules released by the donor following the exposure until the moment of medium transfer. Moreover, in this case, the short lived molecules will not affect the acceptor cells, since they will not be present in the conditioned medium until the moment of the transfer. In the case of co-cultures, even if our method does not allow intercellular communication by gap junctions, the bystander processes are much more complex; the cellular communication represents a bidirectional process that occurs in real-time, during the entire period of incubation. 
Although we have demonstrated bystander transmission with both approaches, we chose to use the medium transfer method as a simplified experimental model for further mechanistic studies

ROS and NO were shown in many studies to be involved in the generation of bystander effects. In order to evaluate their role in our experimental conditions, we used specific scavengers that were previously used in bystander experiments by other authors: DMSO for ROS (Kashino et al. 2010; Azzam et al. 2003) and c-PTIO for NO (Shao et al. 2003; Harada et al. 2008). Our approach was to add the substances to the bystander medium at the moment of transfer, at concentrations known as non-toxic. Based on the scored micronucleus frequencies, we concluded that DMSO blocked the bystander induction, but that c-PTIO had no effect. We therefore conclude that ROS are directly involved in bystander damage induction in L929 cells but NO are not. Evidence for the role of NO in bystander signaling appears to be dependent on the particularities of experimental conditions. In previous studies showing NO involvement in this process, the scavenger c-PTIO was added to the donor cells, prior to irradiation and the treatment was maintained during the exposure and the following incubation (Shao et al. 2003; Harada et al. 2008). Experiments similar to those we described here, where the scavenger was added to the receiver cells were not able to demonstrate a role for NO in bystander effect transmission (Harada et al. 2008). This may indicate that NO are involved in the production of bystander signaling molecules in the donor cells, but they are not directly involved in processes driven by medium or at occurring at the acceptor cells.
Viability and clonogenic survival analysis showed no changes in acceptor cells sustaining the hypothesis that bystander induction is not always a deleterious phenomenon in the long run (Buonanno et al. 2011). Moreover, recent studies attribute a protective role to this phenomenon, proving that bystander signals may induce adaptation to a subsequent direct exposure to physical of chemical stress factors (Pereira et al. 2014).
Considering the role of ROS, calcium fluxes, mitochondria in bystander signal formation together with the well-known role of cell nucleus, cytoplasm, mitochondria and endoplasmic reticulum (ER) in radiation-induced cellular response, we proposed to correlate the radiation-induction of bystander effect with the organelle stress response pathway. The analysis of compartmental stress response was done by quantification of gene expression for several proteins involved in signaling different types of cellular stress. We monitored mitochondrial (mtHsp60), cytoplasmic (cytHsp70) and ER stress (BiP, CHOP). 
In previous studies using bleomycin we observed decreased expression of stress markers in directly treated cells, and a slight increase in bystander cells (Savu et al. 2015).
Our experiments here showed no changes in gene expression for these factors neither in directly exposed cells nor in bystander. The results suggest that the doses of 0.5 and 1Gy of X-ray do not induce significant stress on these compartments, being unable to activate stress response mechanisms in exposed L929 cells and neither in bystander cells under the experimental conditions used. The experimental condition used in the previous study mentioned (concentration of bleomycin from 5 to 60 µg/mL, incubated for 1 hour, followed by washing and post-incubation 24 hours prior to harvest and specific assay) led to a pronounced increase of micronuclei, decrease of cell viability and survival, even for the lowest concentration used, being a much more aggressive treatment as compared to the irradiation conditions employed here (Savu et al. 2015). Gene expression alteration following irradiation was also studied using alpha particle irradiation and in corresponding bystander cells, on fibroblast cultures showing repression of 26 genes 4 hour after irradiation with 0.1 Gy, but not at higher doses of 0.5-2 Gy and neither in bystander cells (Kalanxhi and Dale 2012). Another study on low dose radiation effects, showed that very low dose of gamma radiation (0.05Gy), that did not affect cellular proliferation, activated MAPKs pathways in direct exposed cells (ERK1/2 and p38 were activated, but not JNK1/2). Suppression of these pathways lead in this case to decreased proliferation of the cells (Kim et al. 2007). The processes involved in stress response and bystander effect induction following irradiation seem to be very complex, depending on a large variety of factors such as cell type, radiation type and dose, time of incubation, many other studies being required in order to precisely elucidate the mechanisms involved.
We must also highlight that we used qRT-PCR, so we could only observe changes induced at transcriptional level. It is still possible that the final protein expression of these markers is modified by regulation at translational level. 

Our work showed that low/medium dose of X-rays used in this study induces bystander effects by a mechanism involving ROS but not NO. The effects are not correlated with viability decrease or activation of stress response pathways analyzed at the level of DNA transcription. The role of stress response pathways in bystander effects requires much more attention in order to be elucidated.
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Figures and Figure Legend

Figure 1. Frequency of micronuclei in L929 cells after direct exposure to X-rays (direct effect) or treatment with conditioned medium (bystander effect). Micronucleus frequency was significantly increased for direct exposure (p<0.0001) and conditioned medium treatment (p=0.0033). Statistical significance was analyzed by one-way ANOVA. Each data point represents the mean ±SEM of three independent experiments.


Figure 2. Frequency of micronuclei in L929 cells after direct exposure to X-rays (direct effect) or co-cultivation with the exposed cells (bystander effect). Micronucleus frequencies increased in direct exposure (p<0.0001) and conditioned medium treatment (p=0.0033).  Statistical significance was analyzed by one-way ANOVA. Each data point represents the mean ±SEM of three independent experiments.


Figure 3. Frequency of micronuclei in L929 cells after treatment with conditioned medium obtained from irradiated cells (bystander effect), conditioned medium containing DMSO or conditioned medium containing c-PTIO. Statistical analysis showed that DMSO suppressed bystander effects (p=0.0001), while c-PTIO did not (p>0.05). Each data point represents the mean ±SEM of three independent experiments with statistical analysis performed by two-way ANOVA.


Figure 4. Cellular viability of L929 cells measured by MTS assay after direct exposure to X-rays (direct effect) or treatment with conditioned medium (Bystander effect). Exposure to X-ray at these doses did affect the viability of L929 cells at 1 Gy (p<0.05). Treatment with conditioned medium had no effect on cellular viability (p>0.05). Each data point represents the mean ±SEM of three independent experiments. The data are normalized to the corresponding control. Statistical analysis was performed with one-way ANOVA.


Figure 5. Clonogenic survival fraction of L929 cells measured after direct exposure to X-rays (direct effect) or treatment with conditioned medium (bystander effect). Exposure to X-rays at 1 Gy induced a decrease of clonogenic survival but this was not statistically significant (p>0.05). Treatment with conditioned medium had no effect on cellular survival (p>0.05). Each data point represents the mean ±SEM of three independent experiments. The data are normalized to the corresponding control. Statistical analysis was performed with one-way ANOVA.

Figure 6. Relative quantification of stress markers presents at transcriptional level (mRNA) in L929 cells after exposure to X-rays. No significant changes were seen in the neither of the markers analyzed (CHOP, BiP, mtHsp60, CytHsp70). Each data point represents the mean ±SEM of three independent experiments. The data are normalized to the corresponding control (sham-irradiated cells).


Figure 7. Relative quantification of stress markers present at transcriptional level (mRNA) in L929 cells after treatment with conditioned medium. No significant changes were seen in the neither of the markers analyzed (CHOP, BiP, mtHsp60, CytHsp70). Each data point represents the mean ±SEM of three independent experiments. The data are normalized to the corresponding control (sham-irradiated cells).
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